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Abstract: APOE ε4 allele is a major risk factor  in Late-Onset Alzheimer’s Disease 
(AD). Distinct phenotypes that depend on the APOE ε4 status have been demonstrated. 
The genetic etiology of APOE ε4 non-carriers is still elusive. Thus we investigated the 
genetic components of AD that is independent of APOE ε4 by combining genome 
association analysis with quantitative trait analyses in non-Hispanic Caucasian partici-

pants in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort. Five top susceptible single nucleotide polymor-
phisms (SNPs) in three loci in ZNF827, KDM2B and NANP were initially identified in APOE ε4 non-carriers and four of 
these SNPs were confirmed in mild cognitive impairment. These SNPs and one nominally significant SNP are located in 
three haplotype blocks. Quantitative trait analyses of these haplotype blocks demonstrated that the haplotype block in 
ZNF827 was associated with CSF Aβ42 level, and the haplotype block in KDM2B with CSF p-tau181p and p-tau181p/Aβ42 
ratio. The haplotype block between NANP and NINL was associated with brain atrophy. Moreover, these SNPs took addi-
tive effects on AD incidence and demonstrated the interaction with APOE ε4 status. Therefore, we conclude that these 
novel loci are associated with AD in APOE ε4 non-carriers. This study indicates the distinct genetic risk genes for AD 
non-carrying APOE ε4 and provides new insight into the molecular mechanisms of AD. 

Keywords: Alzheimer’s disease, apolipoprotein E ε4, brain atrophy, diagnostic biomarker, haplotype, single nucleotide poly-
morphism. 

INTRODUCTION 

Alzheimer’s Disease (AD) is the most common form of 
dementia with strong genetic etiology. Apolipoprotein E 
(APOE) ε4 allele has been universally confirmed as a risk 
factor in Late-Onset Alzheimer’s Disease (LOAD) [1, 2]. 
However, APOE ε4 only accounts for 50-65% of LOAD 
cases, with genetic risk factors of as much as 50% of patients 
remained unresolved [1, 3]. 

APOE ε4 differentially affects disease progression as 
compared to ε2 and ε3 alleles [4]. Patients of APOE ε4 carri-
ers perform worse in memory tasks [5], while patients of 
APOE ε4 non-carriers perform worse in naming, mental 
speed and executive function [6, 7]. A positron emission 
tomography study demonstrates that APOE ε4 carriers and 
non-carriers show reduced perfusion in different brain areas 
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during a working memory task [8]. Moreover, several genes 
have been suggested to be differentially involved in the de-
velopment and pathology of AD in APOE ε4 carriers and 
non-carriers [9-12]. In APOE ε4 carriers, the V allele of resi-
due 405 of cholesteryl ester transfer protein (CETP) which 
decreases CETP and increases HDL is associated with less 
brain atrophy. However, the I allele, which increases CETP 
and decreases HDL, is associated with less brain atrophy and 
lower risk of dementia in APOE ε4 non-carriers [9]. Some 
genes such as cystatin C and TNFRSF6 are associated with 
AD only in APOE ε4 carriers [11, 12]. Recently, validation 
of identified predisposition genes has shown that some 
genes, such as PICALM and CUGBP2, are affected by corre-
lation with APOE [13]. Furthermore, Rhinn et al. demon-
strated that regulatory molecules and pathways could be in-
volved in the pathology of AD dependent on APOE ε4 status 
[14]. Regulatory molecules, such as RNF219 and SV2A, can 
modulate APP proteolytic processing and localization in an 
APOE ε4-dependent manner [14]. In addition, several single 
nucleotide polymorphisms (SNPs) within APOE promoter 
are reported to affect promoter activity and correlate with 
AD [15, 16]. These SNPs can be modulated by environ-
mental factors, such as heavy metals and high cholesterol 
diet, thus leading to the development of the disease epige-
netically [17].Therefore, to uncover new predisposition 
genes based on stratification of APOE ε4 status may be im-
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portant. One study demonstrated that a SNP from GRB-
associated binding protein 2 modifies the risk of AD in 
APOE ε4 carriers [18]. Another study also revealed some 
differential susceptibility loci in APOE ε4 and non-carriers 
[19]. However, the study aiming to identify the susceptibility 
loci in APOE ε4 non-carriers is scarce. 

β-amyloid peptides (Aβ, especially Aβ42), total tau (t-tau) 
and phosphorylated tau (especially phosphorylation of 
Thr181, p-tau181p) in cerebrospinal fluid (CSF) are diagnostic 
biomarkers for AD [20]. Aβ42 is reduced, and t-tau and p-tau 
are enhanced in CSF of AD patients. Other quantitative traits 
such as brain morphometric volume are also reported. Some 
SNPs associated with AD are found to influence these quan-
titative traits, which may implicate the pathological role of 
them [21, 22], however, most of them are not identified 
through genome-wide association study (GWAS). On the 
other hand, many AD-associated SNPs identified through 
GWAS [23, 24] have not been shown to correlate with diag-
nostic biomarkers and other quantitative traits of AD.  

The Alzheimer’s Disease Neuroimaging Initiative 
(ADNI), a multi-centered project with combined genotyping, 
CSF markers and serial magnetic resonance imaging (MRI) 
scans, provides valuable data to assess whether the SNPs not 
only show genome association but also associate with diag-
nostic or characteristic indices of AD. In present study, we 
combined genome association analysis with quantitative trait 
analyses to identify susceptible SNPs in AD, especially in 
APOE ε4 non-carriers.  

MATERIALS AND METHODS 

Alzheimer’s Disease Neuroimaging Initiative (ADNI) 

Data used in the preparation of this article were obtained 
from ADNI database (www.loni.ucla.edu\ADNI). The ADNI 
was launched in 2003 by the National Institute on Aging, the 
National Institute of Biomedical Imaging and Bioengineer-
ing, the Food and Drug Administration, private pharmaceuti-
cal companies and non-profit organizations, as a $60 million, 
5-year public-private partnership. The primary goal of ADNI 
has been to test whether serial MRI, PET, other biological 
markers, and clinical and neuropsychological assessment can 
be combined to measure the progression of Mild Cognitive 
Impairment (MCI) and early AD. Determination of sensitive 
and specific markers of very early AD progression is in-
tended to aid researchers and clinicians to develop new 
treatments and monitor their effectiveness, as well as lessen 
the time and cost of clinical trials. 

The Principal Investigator of this initiative is Michael W. 
Weiner, M.D., VA Medical Center and University of Cali-
fornia – San Francisco. ADNI is the result of efforts of many 
co-investigators from a broad range of academic institutions 
and private corporations, and subjects have been recruited 
from over 50 sites across the U.S. and Canada. The initial 
goal of ADNI was to recruit 800 adults, ages 55 to 90, to 
participate in the research -- approximately 200 cognitively 
normal older individuals to be followed for 3 years, 400 
people with MCI to be followed for 3 years, and 200 people 
with early AD to be followed for 2 years. For up-to-date in-
formation see www.adni-info.org. 

ADNI was performed in accordance with the Declaration 
of Helsinki and approved by the Institutional Review Boards 

of all of the participating institutions. Informed written con-
sent was obtained from all participants at each site [25, 26]. 

Participants 

We included 394 AD and cognitively healthy older con-
trols of non-Hispanic Caucasians aged 55 to 90, recruited 
from over 50 observational sites across the United States and 
Canada. Of these 394 participants, 180 were AD patients and 
214 healthy control subjects, and about 96 AD patients and 
109 healthy controls own fully examined clinical, CSF bio-
marker, neuropsychological, MRI and APOE genotyping 
data. We also included 165 MCI patients who were APOE ε4 
non-carriers in ADNI database.  

Sampling of CSF and APOE Genotyping 

APOE genotyping was performed at the time of partici-
pant enrollment (screening level). CSF biomarkers data at 
screening and 12-month and 36-month visits were collected 
through lumbar puncture. The determinations of APOE and 
biomarkers were carried out by Drs Leslie Shaw and John 
Trojanowski of the ADNI Biomarker Core at the University 
of Pennsylvania School of Medicine (for more information 
please visit http://www.adni-info.org). 

SNP Genotyping 

The genome-wide SNP dataset was downloaded from 
ADNI website. All genomic DNA samples were analyzed on 
the Human610-Quad BeadChip (Illumina, Inc. San Diego, 
CA) according to the manufacturer's protocols (Infinium HD 
Assay; Super Protocol Guide; Rev. A, May 2008). 

MRI Acquisition 

All sites which met all the requirements for the Alz-
heimer Disease Cooperative Study start-up have completed 
the MRI certification for 1.5T MRI. All the scans were re-
viewed for quality control by staff in the ADNI MRI quality 
control center at Mayo Clinic. Detailed MRI acquisition and 
processing are described in previous publications [27, 28]. 
Furthermore, system specific corrections of certain image 
artifacts were performed [28].  

Statistical Analysis 

Allelic association test was applied to assess whether 
these qualified SNPs were associated with AD using the χ2 
statistic. False Discovery Rate (FDR) correction was applied 
for multiple comparisons. Linkage disequilibrium (LD) indi-
ces, r2 and D’, were utilized to assess the linkage status be-
tween these identified SNPs. And if r2 value is more than 0.9 
within two or more SNPs, they were considered to be com-
pletely linked. And the SNP at the forefront physical location 
of the haplotype block was chosen to represent the other 
SNPs in the haplotype block. Manhattan plots were gener-
ated in Haploview (http://www.broadinstitute.org/haploview/ 
haploview), release v 4.2 [29]. Multidimensional scaling 
(MDS) analysis was employed to assess population structures 
of case and control groups and outliers in software package 
PLINK (http://pngu.mgh.harvard.edu/~purcell/plink/), re-
lease v 1.07 [30], and R language, release v 2.15.2, was used 
to generate MDS plots. Skewing CSF and brain morphomet-
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ric biomarker data were log-transformed before applying 
student-t test or analysis of variance (ANOVA). Levene sta-
tistic was used to evaluate the homogeneity of variances be-
fore ANOVA. The normality of distribution was assessed 
using the Kolmogorov-Smirnov test. The most fitted genetic 
model was chosen for each quantitative trait variable. That is 
to say, in cases where the additive model was significant, the 
dominant and recessive models were tested to determine 
whether they were a better fit. Multivariate logistic regres-
sion analysis was utilized to assess the predicting powers of 
identified statistically significant quantitative trait-associated 
haplotypes, and pseudo-R2 was the index for evaluating 
goodness of fit. To evaluate the interaction between identi-
fied SNPs and APOE ε4, multivariate logistic regression 
analysis was utilized with the following model, Phenotype = 
a + b.SNP + c.APOE ε4 status + d.Sex + e.Age + 
f.Education years + g. SNP×APOE ε4 status. Kaplan-Meier 
plots were used to describe the relationships between onset 
of AD symptoms and different genotypes or haplotypes 
among different SNPs or haplotype blocks. P < 0.05 was 
considered statistically significant. 

RESULTS 
Screening of Candidate SNPs for Quantitative Trait 
Analyses Based on APOE ε4 Status 

Demographic characteristics of normal controls and AD 
patients were compared (Table 1), no significant differences 
were found in variables like baseline age, sex and education. 
Further, MDS plots showed that cases and controls were 
matched well and there were no outliers (Fig. 1A).  

Standard SNP quality control was carried out using 
PLINK. Given the relatively small sample size and in order 
to reduce the false positive rate, we only included SNPs 
with minor allele frequency (MAF) greater than 20%. 
Maximum SNP missing rate was set at 10%, and Hardy-
Weinberg Equilibrium was required at P > 0.001. SNPs 
were then tested for allelic association applying χ2 test 
without considering the APOE ε4 status. False discovery 
rate (FDR) of 5% is usually utilized to obtain meaningful 
SNPs. Nevertheless, overstrict threshold may leave out 
many genes that play important roles and are associated 
with quantitative traits, and many genes under an overstrict 
threshold can gather together to play central roles for com-
plicated chronic diseases [31]. FDR of 20% has been uni-

versally utilized in many genome association studies en-
countering multiple test in order to include more SNPs [32-
34]. And we were aiming to screen candidate SNPs for 
quantitative trait analyses, therefore, a relatively liberal 
FDR of 20% was set in the present study to obtain a mod-
erate amount of nominally significant SNPs. Moreover, 
multiple dataset correction was attained by multiplying the 
original P-value by three (the total count of all datasets 
analyzed: all participants group, APOE ε4 carriers sub-
group and APOE ε4 non-carriers sub-group as stated be-
low). Among qualified 326,482 SNPs, two candidate SNPs, 
rs2075650 (P value = 5.8×10-8 and OR = 2.56 with 95% CI 
of 1.82-3.6) and rs12822144 (P value = 1.14×10-6 and OR 
= 0.49 with 95% CI of 0.37-0.65) were identified (Fig. 2A, 
Table 2). rs2075650, located within the TOMM40 gene, is a 
previously reported SNP associated with AD and is in link-
age disequilibrium (LD) with the APOE ε4 variant on 
chromosome 19 [23]. rs12822144 is a SNP located within 
the intergenic region between RPL18P9 and CCND2. 

AD patients carrying one APOE ε4 allele demonstrate 
similar clinical and pathological manifestations to that of two 
ε4 alleles AD carriers and it is the same situation in APOE 
ε4 non-carriers [35-37], thus we stratified the cohort accord-
ing to APOE genotypes: APOE ε4 carriers which carried one 
or two APOE ε4 alleles and APOE ε4 non-carriers. No sig-
nificant differences were found in demographic characteris-
tics of normal controls and AD patients in these subgroups 
(Table 1). Further, MDS plots showed that cases and con-
trols were matched well and there were no outliers in APOE 
ε4 carriers (data not shown) and non-carriers (Fig. 1B). Be-
cause of different MAFs of many SNPs between APOE ε4 
carriers and non-carriers, quality control was performed 
again for each subgroup. No candidate SNP was identified in 
APOE ε4 carrier subgroup after FDR correction for the 
qualified 325,123 SNPs. For the qualified 327,099 SNPs in 
APOE ε4 non-carriers, five candidate SNPs, rs6816078 (P 
value = 4.34×10-8 and OR = 0.27 with 95% CI of 0.17-0.44), 
rs28604990 (P value = 1.01×10-7 and OR = 3.22 with 95% 
CI of 2.08-5.01), rs11930385 (P value = 2.89×10-7 and OR = 
0.30 with 95% CI of 0.18-0.48), rs7955747 (P value = 
2.38×10-6 and OR = 2.99 with 95% CI of 1.88-4.76) and 
rs2387976 (P value = 2.92×10-6 and OR = 0.32 with 95% CI 
of 0.19-0.52) were identified (Fig. 2B, Table 2). The last 
SNP rs6076364 showed in Table 2 was slightly below the 
threshold of FDR = 20% but was in complete LD with the 

Table 1. Demographic characteristics of participants for GWA analysis. 

 All Participants APOE  ε4 Carriers APOE  ε4 Non-Carriers 

Variables 
Controls 
(n=214) 

AD 
Patients 
(n=180) 

Stastistical 
Test 

P 
Value 

Controls 
(n=58) 

AD 
Patients 
(n=120) 

Stastistical 
Test 

P 
Value 

Controls 
(n=156) 

AD 
Patients 
(n=60) 

Stastistical 
Test 

P 
Value 

Baseline age, y, 
mean ±SEM 

74.48 ± 
0.49 

74.16 ± 
0.53 

t = 0.427 0.669 
76.07 ± 

0.91 
75.25 ± 

0.60 
t = 0.762 0.447 

73.88 ± 
0.58 

71.89 ± 
1.01 

t = 1.749 0.082 

Female, % 46.7 43.2 χ2 = 0.470 0.493 47.1 39.5 χ2 = 1.461 0.227 45.8 50.9 χ2 = 0.438 0.508 

Education, y, 
mean±SEM 

15.84 ± 
0.19 

15.97 ± 
0.21 

t = -0.452 0.652 
16.00 ± 

0.34 
16.10 ± 

0.26 
t = -0.230 0.818 

15.78 ± 
0.23 

15.70 ± 
0.39 

t = 0.187 0.852 
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Fig. (1). MDS plots for all participants (A) and APOE ε4 non-carriers subgroup show no evident population stratification and outliers.  
 

 
Fig. (2). Manhattan plots of candidate SNPs for all participants (A) and APOE ε4 non-carriers (B). A: The threshold of FDR = 20% for ge-
nome-wide significance (P ≤ 1.225×10-6) is indicated by red horizontal line, and the less stringent threshold for probable association with AD 
(P ≤ 1×10-5) is indicated by blue horizontal line. B: The threshold of FDR = 20% for genome-wide significance (P ≤ 3.057×10-6) is indicated 
by red horizontal line, and the less stringent threshold for probable association with AD (P ≤ 1×10-5) is indicated by blue horizontal line. The 
plots were generated by using Haploview 4.2. 
 
significant SNP rs2387976. rs6816078 and rs11930385 are 
located within a haplotype block in intron 1 of zinc finger 
protein 827 (ZNF827), rs28604990 and rs7955747 are lo-
cated within a haplotype block that encompasses intron 6 
and intron 12 of lysine-specific demethylase 2B (KDM2B), 
and rs2387976 and rs6076364 are located within a haplotype 
block that contains parts of N-acetylneuraminic acid phos-
phatase (NANP) and ninein like protein (NINL). LD indices 
were r2 = 0.908 and D’ = 0.978 for rs6816078 and 

rs11930385, r2 = 0.421 and D’ = 0.908 for rs28604990 and 
rs7955747, and r2 = 1 and D’ = 1 for rs2387976 and 
rs6076364. Because some genotypic data on rs2387976 and 
rs6076364 were not detected in some individuals and the 
individuals missing these two SNPs were different, P values 
of allelic association tests on these two SNPs were slightly 
different even if they were completely linked (rs2387976 
was above the threshold of FDR = 20% and rs6076364 was 
slightly below the threshold, Fig. (2B) and Table 2). 
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Table 2. Identified SNPs in AD and MCI patients in all participants and APOE ε4 non-carriersa. 

Group SNP Chr. 
Closest 
RefSeq 

gene 

Location 
Relative to 

Gene 

Risk 
allele 

Fre-
quency in 
Controls 

Fre-
quency 
in MCI 
Patients 

Fre-
quency 
in AD 

Patients 

P value 
for MCI 
Patients 

OR (95% CI) 
for MCI 
Patientsb 

P value for 
AD Patients 

OR (95% CI) 
for AD 

Patientsb 

Adjusted P 
Value for AD 

Patientsc 

Adjusted OR 
(95% CI) for 
AD Patientsb c 

All  
participants 

rs2075650 19 TOMM40 Intron 1 G 0.150 0.265 0.311 5.65×10-6 
2.05 (1.50-

2.80) 
5.8×10-8 

2.57 (1.82-
3.63) 

1.57×10-7 
2.66 (1.84-

3.83) 

 rs12822144 12 CCND2 
Intergenic 

region 
G 0.440 0.541 0.614 8.71×10-4 

0.66 (0.52-
0.85) 

1.14×10-6 
0.49 (0.37-

0.65) 
4.29×10-5 

0.54 (0.40-
0.72) 

APOE  ε4 
non-carriers 

rs6816078 4 ZNF827 Intron 1 C 0.474 0.597 0.767 0.002 
0.61 (0.45-

0.83) 
4.34×10-8 

0.27 (0.17-
0.44) 

3.55×10-6 
0.31 (0.19-

0.51) 

 rs28604990 12 KDM2B Intron 6 A 0.327 0.441 0.610 0.003 
1.63 (1.18-

1.25) 
1.01×10-7 

3.22 (2.08-
5.01) 

2.65×10-5 
2.79 (1.73-

4.49) 

 rs11930385 4 ZNF827 Intron 1 C 0.494 0.600 0.767 0.007 
0.65 (0.48-

0.89) 
2.89×10-7 

0.30 (0.18-
0.48) 

3.45×10-6 
0.29 (0.17-

0.49) 

 rs7955747 12 KDM2B Intron 12 A 0.192 0.277 0.415 0.013 
1.61 (1.10-

2.35) 
2.38×10-6 

2.99 (1.88-
4.76) 

1.50×10-4 
2.60 (1.58-

4.25) 

 rs2387976 20 NANP Intron 1 C 0.524 0.547 0.776 0.575 
0.91 (0.66-

1.25) 
2.92×10-6 

0.32 (0.19-
0.52) 

3.91×10-5 
0.33 (0.19-

0.56) 

 rs6076364 20 NINL Intron1 T 0.523 0.546 0.767 0.559 
0.91 (0.67-

1.24) 
3.78×10-6 

0.33 (0.21-
0.54) 

2.86×10-5 
0.33 (0.19-

0.55) 

aAbbreviation: Chr, chromosome; OR, odds ratio; CI, confidence interval. 
bOR values were computed for minor alleles. 
cP values and OR values were adjusted for age of onset, sex and education. 
 
The analysis of rs28604990-rs7955747 showed that haplo-
types AA and GG were statistically significant in disease 
association with more haplotype AA in AD (frequency 
0.4113 and P = 8.09×10-7 with χ2 = 24.34) and more haplo-
type GG in normal controls (frequency 0.6592 and P = 
1.72×10-7 with χ2 = 27.33).  

We investigated whether these candidate genes could be 
replicated when MCI individuals were compared to normal 
controls. Apart from rs2387976 in APOE ε4 non-carrier sub-
group, all other SNPs could reach the significant level of P < 
0.05 (Table 2). Furthermore, the frequency of these SNPs in 
MCI patients were between that of normal controls and AD 
patients (Table 2), showing a trend of increased frequency 
from controls to MCI and finally to AD. All these evidences 
suggested that these identified SNPs are strong candidates 
for quantitative trait analyses. 

rs6816078 and rs28604990-rs7955747 are Associated with 
CSF Biomarkers in APOE ε4 Non-Carriers Subgroup 

Next, quantitative-trait analyses were performed to fur-
ther investigate whether these candidate SNPs were associ-
ated with AD. rs2075650 was excluded in this part because it 
has been demonstrated to be associated with Aβ1-42 in a 
ADNI study [38] and its association with AD has been 
widely reported. 

Because CSF biomarker and brain morphometric volume 
data were not detected in 12 individuals with genotypic data 
of rs2387976, its linked SNP rs6076364 was chosen to rep-
resent the haplotype constituted by them because of the ex-

tremely high r2 value of 1. The haplotype in ZNF827 was 
represented by the most significant SNP rs6816078 in APOE 
ε4 non-carriers.  

First the relationship of these SNPs or haplotypes and 
CSF biomarker indices were analyzed at screening time 
point (Supplementary Table 1-3). In all participants without 
considering APOE ε4 status, Aβ42, t-tau and p-tau181p CSF 
levels and t-tau/Aβ42 ratio of carriers of rs12822144 geno-
types GG and AG were significantly different from that of 
carriers of genotype AA (dominant model) (Supplementary 
Table 1). In APOE ε4 non-carriers of all participants, there 
were significant differences in CSF Aβ42 level, t-tau/Aβ42 
and p-tau181p/Aβ42 ratios between carriers of genotype CC 
and genotypes AA and AC of rs6816078 (recessive model), 
and in CSF t-tau level, t-tau/Aβ42 and p-tau181p/Aβ42 ratios 
between carriers of genotypes GG and AG and genotype AA 
homozygote of rs28604990 (dominant model) (Supplemen-
tary Table 1). When we carried out these comparisons only 
in AD patients, CSF p-tau181p levels and p-tau181p/Aβ42 ratios 
of carriers of genotype CC of rs6816078were significantly 
higher than that of genotypes AA and AC carriers (recessive 
model) (Supplementary Table 2). When normal controls 
were analyzed, p-tau181p/Aβ42 ratios of carriers of genotype 
CC of rs6076364 were significantly different from that of 
genotypes CC and TC carriers (recessive model) (Supple-
mentary Table 3).  

Further, in normal controls non-carrying APOE ε4, there 
were significant differences of CSF Aβ42 levels at 12-month 
and 36-month time points between rs6816078 genotypes AA 
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and AC carriers and CC carriers (recessive model) (Fig. 3A). 
The differences were significant even after multiple dataset 
correction. 

We further analyzed whether these SNPs or haplotypes 
influenced the CSF biomarker indices time-dependently. The 
analysis demonstrated that the CSF Aβ42 level of rs6816078 
genotype CC carriers in normal controls non-carrying APOE 
ε4 decreased over time from screening to 36-month time 
point, whereas p-tau181p/Aβ42 ratio increased (Fig. 3A and 
3B). The P value was 0.131 for genotype CC carriers, post 
hoc analysis revealed that the difference of CSF Aβ42 levels 
between screening and 36-month time point almost reached 
the significant threshold (P = 0.052). However, the P value 
was 0.423 for genotypes AA and AC carriers. For p-
tau181p/Aβ42 ratio, the P value was 0.07 for genotype CC car-
riers, and post hoc analysis revealed that the differences of p-
tau181p/Aβ42 between screening and 12-month time points 
and between screening and 36-month time points almost 
reached the significant threshold (P = 0.067 and 0.058 re-
spectively). However, the P value was 0.703 for genotype 
AA and AC carriers. 

Moreover, the CSF p-tau181p level and p-tau181p/Aβ42 ratio 
of rs28604990-rs7955747 risk haplotypes AA and AG carri-
ers in normal controls non-carrying APOE ε4 increased over 
time (Fig. 3C and 3D). The P values were 0.004 for p-tau181p 
and 0.043 for p-tau181p/Aβ42 ratio in carriers of risk haplo-
types. Post hoc analyses revealed that the differences of p-
tau181p between screening and 12-month time points and be-
tween screening and 36-month time points and the difference 
of p-tau181p/Aβ42 ratio between screening and 36-month time 
points were statistically significant (P < 0.05). The differ-
ences were still significant even after multiple dataset correc-
tion. However, the P values were 0.907 and 0.798 for p-
tau181p and p-tau181p/Aβ42 ratio respectively in AA and AG 
non-carriers. 

rs6076364 is Associated with Brain Atrophy 

AD patients of APOE ε4 non-carriers carrying genotype 
TT of rs6076364 were found to be prone to brain atrophy, 
especially the estimated intracranial volume (Table 3). The 
differences of estimated intracranial volumes between geno-
type TT carriers and CC and TC carriers were statistically 

Fig. (3). Comparisons of CSF indices in different genotypes of rs6816078 and rs28604990-rs7955747 in normal controls. A and B: compari-
sons of CSF Aβ42 level (A) and log-transformed p-tau181p/Aβ42 ratio (B) of different time points between rs6816078 genotype CC carriers 
and genotypes AA and AC carriers. C and D: comparisons between CSF levels of p-tau181p (C) and log-transformed p-tau181p/Aβ42 ratio (D) 
of different time points in rs28604990-rs7955747 risk haplotypes AA and AG carriers and non-carriers. Black and white circles with bars 
represent mean ± SEM. *: P < 0.05, **: P < 0.01 versus corresponding points in AA and AC carriers. ##: P < 0.01 versus SC point. SC rep-
resents screening level. The differences were significant after multiple dataset correction. 
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Table 3. Comparisons between rs6076364 genotypes of AD patients in APOE ε4 non-carriers. 

Time Point Genotypes 
Whole Brain Volume, 

mean ±  SEM (n) 
P Value Estimated Intracranial Vol-

ume, mean ±  SEM (n) 
P Value 

TT carriers 954126.93 ± 17697.11 (11) 1395333.33 ± 18512.97 (11) 
screening 

CC and CT carriers 1005546.65 ± 12913.15 (13) 
0.064 

1464166.67 ± 18541.89 (13) 
0.012 

TT carriers 957204.92 ± 20327.48 (9) 1399166.67 ± 22778.86 (9) 
6 months 

CC and CT carriers 1006645.76 ± 13116.29 (9) 
0.099 

1467962.96 ± 19136.46 (9) 
0.028 

TT carriers 972078 ± 25191.07 (8) 1417500 ± 31552.11 (8) 
12 months 

CC and CT carriers 998381.06 ± 13244.35 (8) 
0.444 

1461458.33 ± 19828.59 (8) 
0.388 

TT carriers 949396.7 ± 23598.9 (4) 1404000 ± 26465.91 (4) 
24 months 

CC and CT carriers 992548.82 ± 15094.18 (6) 
0.187 

1457948.72 ± 21373.8 (6) 
0.231 

 
significant at screening and 6-month time points, and the 
statistically significant difference of estimated intracranial 
volumes between genotype TT carriers and CC and TC car-
riers at screening time point was excluded after multiple 
dataset correction. The differences of whole brain volumes 
between genotype TT carriers and CC and TC carriers at 
screening and 6-month time points almost reached the statis-
tical threshold. 

Predicting Power of AD Diagnostic or Brain Mor-
phometric Volume-Associated Haplotype Blocks in 
APOE ε4 Non-Carriers 

The above results indicated that the identified three 
haplotypes were strongly associated with AD in APOE ε4 
non-carriers, we next investigated whether these haplotype 
blocks could be combined together to predict the incidence 
of AD in APOE ε4 non-carriers. After adjusted for sex, age 
and education, all haplotype blocks were entered into the 
eventual equation and reached statistically significant 
threshold. The pseudo-R2 was 0.393, indicating a moderate 
goodness of fit. The positive β coefficients of the three vari-
ables in the equation suggested the additive AD-causing ef-
fects of these haplotype blocks (Table 4). 

SNPs Identified in APOE ε4 Non-Carriers Interacts with 
APOE ε4 

To further analyze the relationship of these SNPs with 
APOE ε4, the interactions between identified SNPs and 

APOE ε4 were assessed. After adjusting for SNP genotypes, 
APOE ε4 status, sex, age and education years, risk alleles of 
all SNPs identified in APOE ε4 non-carriers could take their 
effects by interacting with APOE ε4 status (Table 5). 

DISCUSSION 

There is plenty of evidence demonstrating the effects of 
APOE ε4 in the pathological process of AD [4; 39-41]. The 
distinct phenotypes of AD without APOE ε4 have also been 
characterized [5-8, 42], however, the factors behind it is still 
uncovered and almost all of them are uncorrelated with 
quantitative traits, such as CSF biomarkers Aβ and p-tau. 
Moreover, even though several GWASs exclusively for 
quantitative traits of AD have been carried out and have 
identified many correlated SNPs [38, 43], many of them are 
not necessarily associated with AD. The present study aimed 
to differentiate influential genetic risk factors and to screen 
candidate SNPs associated with AD in APOE ε4 carriers and 
non-carriers respectively by combining genome association 
analysis and the analyses of quantitative traits such as CSF 
biomarkers and general brain morphometric volumes.  

Without considering APOE ε4 status, two SNPs were 
screened. One of them, rs2075650, has been widely reported 
to be related to the quantitative traits of AD in ADNI cohort 
[38, 43]. Our analysis also revealed that carriers of risk allele 
of this SNP showed earlier onsets of AD symptoms (data not 
shown), which is consistent with other studies [44, 45]. Thus 
our data further confirm that this SNP is a risk factor of AD.  

Table 4. Logistic regression model for predicting power of haplotype blocks in APOE ε4 non-carriers. 

Variables β  Coefficient Wald OR ( 95% CI )a,b P Valueb 

rs6816078-rs11930385 or rs6816078 1.18 17.69 3.27(1.88-5.68) 2.6×10-5 

rs28604990-rs7955747 0.79 5.85 2.20(1.16-4.16) 0.016 

rs6076364-rs2387976 or rs6076364 1.16 14.85 3.18(1.76-5.72) 1.16×10-4 
aAbbreviation: OR, odds ratio. 
bAdjusted for age of onset, sex, and education. 
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Table 5. Multi-covariate logistic regression analyses for SNPs 
identified in GWA analyses. 

SNP 
OR (95% CI) for 
SNP×APOE ε4 

statusa,b 

P value for 
SNP×APOE ε4 

statusb 

rs2075650 3.658 (0.960-13.950) 0.058 

rs12822144 1.109 (0.573-2.146) 0.758 

rs6816078 2.885 (1.489-5.589) 1.69×10-3 

rs28604990 0.239 (0.125-0.460) 1.75×10-5 

rs11930385 2.630 (1.323-5.230) 5.82×10-3 

rs7955747 0.235 (0.118-0.469) 3.94×10-5 

rs2387976 3.304 (1.684-6.485) 5.13×10-4 

rs6076364 3.333 (1.708-6.505) 4.18×10-4 
aAbbreviation: OR: odds ratio; CI: confidence interval. 
bAdjusted for SNP genotypes, APOE ε4 status, sex, age and education years. 
 

When the participants were divided into APOE ε4 carri-
ers and non-carriers, the susceptibility SNPs identified with-
out considering APOE ε4 status did not replicate in any sub-
groups. In APOE ε4 non-carriers, five SNPs were initially 
screened to associate with AD and four of them could be 
replicated in MCI patients. The risk allele frequencies of 
these SNPs showed an increasing trend from controls to MCI 
and to AD, implicating the significance of these SNPs. Fur-
ther these SNPs and haplotypes constituted by these SNPs 
were shown to be associated with CSF Aβ42 level, p-tau181p 
level, p-tau181p/Aβ42 ratio, or brain atrophy in APOE ε4 non-
carriers. Moreover, these SNPs were shown to take additive 
effects on AD incidence. These results indicate that these 
SNPs and haplotypes are strongly associated with AD in 
APOE ε4 non-carriers.  

ZNF827, which rs6816078-rs11930385 is located in, is a 
member of ZNFs. ZNFs are typical transcriptional regulators 
[46]. Several ZNFs have been identified to correlate with AD 
[45, 47]. One brain expression GWAS demonstrates that 
minor allele of rs2387976 is associated with reduced tran-
script of NANP [48], implicating the altered expression of 
NANP in AD patients. Our results showed that these SNPs 
and haplotypes were associated with CSF Aβ42, p-tau181p 
levels or brain atrophy, indicating that the modification of 
these pathological processes through transcriptional and/or 
gene expression regulation could be involved in their roles in 
AD.  

The identified SNPs in APOE ε4 non-carriers could not 
be replicated in APOE ε4 carriers, and could not even reach 
a nominal significant level. Many SNPs which were nomi-
nally significant in APOE ε4 non-carriers could not be repli-
cated in APOE ε4 carriers either (data not shown). Moreover, 
the associations of these SNPs with quantitative traits were 
absent in APOE ε4 carriers (data not shown). This is the 
same to APOE ε4 carrier subgroup whose association results 
could not be replicated in APOE ε4 non-carriers (data not 
shown). One GWAS of Caribbean Hispanic individuals has 
revealed similar phenomenon [19]. These evidences impli-

cate that the associations between SNPs identified via previ-
ous GWAS and AD-associated quantitative traits may be 
masked by APOE ε4 status. Moreover, logistic regression 
analysis showed that these SNPs did interact with APOE ε4 
status, but not the SNPs identified without stratification on 
APOE genotype. All these data support the notion that these 
SNPs play their roles based on the carrier status of APOE ε4. 
Our analysis are consistent with other reports showing dis-
tinct mechanisms involved in AD dependent on APOE ε4 
status [13, 14], further supporting the view that different 
genetic forms or subtypes of Alzheimer’s disease may have 
specific molecular mechanisms [49]. 

In conclusion, by combining genome association analysis 
and quantitative trait analyses, the present study identified 
the unique susceptibility SNPs and haplotypes for AD nega-
tive of APOE ε4, suggesting that different signaling path-
ways and biological processes may be involved in the pa-
thology of AD in APOE ε4 carriers and non-carriers. The 
susceptible SNPs and haplotypes identified in current study 
may promote the unraveling of genetic risks and distinct 
pathology of AD patients without APOE ε4 and may im-
prove the understanding of the pathogenesis of AD. Because 
most of identified SNPs in current study are not covered in 
some other databases and no more databases have such com-
prehensive data as ADNI, the replication is not able to be 
carried out currently. However, the quantitative trait analyses 
provided the further evidence and thus partially offset the 
restricted statistical power of genome-wide screening. 
Moreover, our study provides a new way to identify suscep-
tible loci and complements previous GWASs by combining 
genome association analysis and quantitative trait analyses. 
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